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Abstract 


fioth the Viking and the Pt6-2 (SCATHA) vehicles mU^t withstand arcing. 
This paper presents the design provisions of both vehicles and a mathematical 
analysis of the effect of arcing on typical interface cli^cuits. Results of verifica- 
tion testing of the analysis are presented as well as vehicle testing for tolerance 
to arcing. 


1. ELECTROSTA IIC CHARGING DESIGNS 
1.1 Viking Electrostatic Charging Desig-« 

The Viking lander was designed to survive entry into the Martian atmosphere 
and landing on Martian soil. Entry deceleration was controlled by aeroshell 
ablation, followed by parachute deployment and controlled engine flight to the sur- 
face. During entry there was a possibility of flight through carbon dioxide clouds, 
dust devils, and encounter with Unknown particles. All of these, as well as engine 
and parachute charging, could cause arcing on the external surfaces of the vehicle. 


753 




PRECEDING PAGE DLANK NOT FILMED 


viking was designed to operate with corona and survive arty arcing that mlghl 
occur. Prevention of corona and arcing was not considered practical. The design 
Included the following provisions: 

(1) The vehicle body was an rf enclosure bonded together by joints having a 
resistance of less than lO mf;. 

(2) All external conductive pieces were bonded to the vehicle structure. 

(3) All wiring external to the vehicle body was shielded with the shield 
grounded at both ends. 

(4) The bibshield had a 4 -in. grid of conductive paint to minimize charge 
buildup. 

(5) The bioshleld cap was supported so that the material could not drape down 
onto vehicle components. 

(6) The antennas were of a dc short design (exposed metal on the antenna?* and 
feeds hed a direct dc path to ground). 

(7) Antennas were designed to operate without corona at critical pressure, 
with twice the expected rf power. Foaming and/or configuration of the ends of the 
elements provided acceptable designs. 

(8) separation connectors had deeply recessed female contacts that remained 
with the lander. These connectors could operate In a hot plasma without arcing. 

(8) command and control Interfaces were 50 ohm differential circuits (Harris) 
driven from a current source (high impedance). 

(10) Interfaces with components having voltages ov 6 r 300 V were provided 
with Corona protection circuitry, w'here a failure could allow high voltage leakage 
or corona through the wiring to other components. Fall-short Zener diodes pro- 
vided the protection. 

(11) Potting, pressurization, foaming, and vacuum deposited covering of 
circuit boards were used to allow- all landed components to operate at critical 
pressure. 

(12) Communication and radar receiver frequencies, bandwldths, and lock 
circuits were designed to tolerate signal inputs from corona. 

one of the design features that increased the probability of corona and arcing 
was that the external surface of the lander had to be covered with a rubbery non- 
cortductlve substance to protect the vehicle from windblown dust. A tape of the 
rubbery material was wrapped oVer all external cable bundles and other parts 
were painted with the rubbery coating. The coatings were good insulators ahd 
would certainly produce corona when exposed to 206 mph wlhd-blown dust at 5 torr 
0 fS 3 Sure as well as the entry environment. 
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1 .^ 2 F 4 «m tNiMHtir I harp lh*^i(£rt 

The F78-2 vehicle i.s being designed to measure plasma parameters at and 
near synchronous earth orbits. It will be subject to energetic particle charging 
and subsequent arcing. The design approach is to shield all wiring internal to the 
lower half of the vehicle (which is to be art rf shielded region) and to double shield 
all wire external to the shielded region. The single shielding is done by oslng a 
braided shielded and jacketed wire. The wire will be the same type used on Viking, 
which is insulated with 3 mils of Kapton. The second shield will be a bundle shield, 
achieved by wrapping the bundle with aluminum foil tape that has a conductive 
adhesive,. The outside of the foil will not be insulated or coated in any way, and 
will be grounded at each cable clamp. Braided shielding will be substituted for 
the foil wrap where flexibility is important. 

The power subsystem is being designed to accept high voltage transients from 
the solar array without transferring them to the power bus. . 

The shielding and power subsystem transient suppression are the only design 
features of P7B-2 for protection from arcing. The question, then, is whether 
these designs represent adequate protection to pass the required testing necessary 
to verify an interference margin. 


2. DKSKiS K\ All \TION 

The design evaluation depends ort how large a signal can be coupled into a cir- 
cuit from an arc discharge. This evaluation will treat only the circuit types and 
configurations used for Viking and p 78-2. Other circuits and configurations will 
necessarily provide different answers. The method Showm here is a general solu- 
tion, but care mui.t be taken in applying the results. The solution should be 
exercised completely before a final answe: is obtained. That is, the effect of each 
assumption should be evaluated by varying the value of the assumed parameter 
over its maximum possible range and observing the variation in the answer. After 
a few times through the solution in this manner, one feels the effect of variations 
and begins to understand the relationships between the physical parameters and 
what is happening in the coupling process. 

2.1 Uefirtinp lh«* So'urre 

First, consider the source characteristics. The arc voltage has been esti- 
mated to be between 10 and 25 kV and the arc current to be between 10 and 1000 A. 
This would then suggest that the source could be characterized as a 10- to 25-kV 
voltage source with a source impedance of 2, 5 to 1000 ohms. This source niust 
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be simulated durlhg electromagnetic compatibility (EMC) te.^llrtg to determine the 
susceptibility of the vehicle and external components, MIL-sTn-1541 has an 
electrostatic sensitivity test that Consists of a lO-kV ai'c containing 2, f) mJ. 

Laboratory tests with a 3. 5-mJ, lO-kV source in air at Denver altitude hiS ;^hown 
the source impedance to be approximately 3t0 ohms and the pulse to have a rise 
time of 3 nsec and art average duration of 7 nsec. The arc was formed by gradually 
increasing the voltage of the source until arcing occurred at a fiO Hz repetition 
rate. 

With a test arc established that is fairly representative of a space arc, let us 
analyze its effect upon a circuit. Assume that there is an arc to the center of a 
5 -ft shielded circuit. Since the rise time of the arc is less than the transmission 
time down the shield and back, the shield ac*s like a long transmission line with 
impedance. The v^oltage on the shield is then a strong function of the shield 
configuration with respect to the g'" nd plane. can vary from approximately 
1 1 to 181 ohms, this being one half of the characteristic impedance of the trarts- 
missiort line (because there are effectively two in parallel at the point of the arc 
discharge, see Appendix A). Eleven ohms represents a kapton-covered shield 
adjacent to the ground plane or adjacent to other shields in a bundle,, and 181 ohms 
represents a shield 10 in, above the ground plane. The above values are based 
upon a twisted shielded pair wire insulated w ith 3 mils of kapton. If the design 
restricts single shields to being next to structure, then the calculated voltage on 
the shield, due to a 10 kV arc would be 289 volts. The calculations are show'n in 1 

Appendix A. The measured voltage on the shield was 256 volts. This represents j 

approximately half the error of the measuring svstem (2 dB). - 

i 

2.2 Electric Field Coupliilg | 

The task of determining how much of the voltage oh the exterior surface of the 
Shield is coupled to the Internal circuit wires requires the circuit model showrt in 

Figure 1 and its transient solution, ; 


tloise Source Wlr^ 



Figure 1. 


Electric Coupling Model 



T 
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Cj then ffepredents the capacity between thfe outalde of the shield aftfl the Ihterridl 
Ctccult wire, end Cg t-epcesents the capacity betweeh the Internal cirCuU-wlre and 
the internal return wire. The transient solution to this circuit Is 




[■•«» (-575^)] 


'^pmax “ + C 2 

where R.J. = ,)arallel resistance of and The irtaxlttiurt value of Vp occurs 

when t = t^. The complete definition of parameters appears In Appendix B. 

Applying the solution to the circuits of Figures 2 and 3, yields the following 
results for Tables 1 and 2: 



F‘g-ure 2. Viking interface circuit 


+3 to 12V 


i to 24k 


To Logic 
CHOS Cc 
TTL 






Figure 3. P78-2 Interface Circuit 
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Thene data Jihow that the electric field coupllttg differ’^ only as to rise time of 
the Irtterfereree pulae, the design Is susceptible to longer rise time 

pulses than tne viking design, since the arc rise time is very short, the response 
to the arc is quite similar. The measured coupling to the Viking circuit was 
12,4 Volts and to the P?8-2 clreuit was 12,0 volts, 

the value of Is obtained by multiplying the capaoity between the wire and 
the internal surface of the shield (4l5pF) by the lack of coverage of the shield 
(95 percent coverage and therefore 6, 05 lack of coverrige) or by actual measure- 
ment, The measured value was 10 pFw^hlie the calculated value was 20. 8 pF. 

2.3 InducU^c louplitig 

The previous analysis has defined the capacitive coupling to the circuits. The 
inductive coupling must also be determined. This task required the following cir- 
cuit (Figure 4) model and its transient solution: 


Figure 4. Inductive Coupling 


Lg is the inductance in the source circuit, Lp^ is the inductance in the receptor 
circuit, and M is the mutual inductance between circuits, A more complete 
definition of parameters and the complete transient solution appear in Appendix: B. 
The simplified transient solution to this circuit Is as follows: 


E M R 




t R., K 


E IVl R 








1 ^ " ^RS solutlon.i to the Inter- 

t'igUre-j 2 ahd 3, yields the following results for fables 3 and 4: 


Table 3. Viking Design 


‘r 

(e factor) 


1 y 10"® 

4. 7 X lO"^ 


3 X 10"® 

I. 3 X 10"^ 


10 X 10"® 

3. tJ X 30"^ 

MH 

100 X 10"® 

0.99 

0.06 

1 X 10"® 

l.O 

0.006 

10 X 10"® 

1.0 

0. 0006 

M • 1.2 X I0"“ 

H .._Lg = 0.23 X 10"® n 

"rl ■ 

Rj^ = 2550D Rg 

= iin 


Table 4. p-f8-2 Design (Preliminary) 


‘r 

(e factor) 


1 y 10"® 

4. 7 X 10"® 

13.9 

3 X 10"® 

1.3 X 10"^ 

13.3 

10 X ip"® 

3, 8 X 10"^ 

11.3 

100 X 10"® 

0.99 

3.0 

1 X 10"® 

1.0 

0.3 

10 X 10"® 

1.0 

0.03 

100 X 10"® 

1.0 



M = 1. 2 y 10“® H Lj. = 0. 23 y 10‘® H 
^HL ' ‘^R 4, ?50n Rj, : I’f? 
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I’he.'iO data ahow that tha Inductive coupling in the Viking dCriign iti unihit^Oftant, 
Thli la hecauriC the loop rCHlatancc In the receptor clncult (2550 ohma) la 51 tlmea 
the rOal.itance aet*oaa the digital i"ecclvlrtg circuit (50 ohma), Converaely, the 
P7B»2 dealpp haa practically all the rOalatanee (24, 000 ohma) aeroHa the digital 
input, when the translator Is conducting, 

2.1 l^7H 2 Modifl(‘uliiih 

The P78-2 preliminary de^^lgn shows that voltages greater than the noise 
rejection capability of normal digital circuitry (I volt) can occur when there is an 
arc discharge to the circuit shield. 'The design must, therefore, be modified to 
reduce the voltage to below 1 volt, which is the digital noise rejection capability. 
Adding a second braided shield was considered, but since it would only reduce the 
coupled voltage slightly, it was rejected. The reduction is only slight, since the 
shield voltage increases from 2f>(> V to a measured 730 V, becau:^e of the increase 
of between the two configurations and the second shield only provides a shield- 
ing increase of 20 dB. The configuration included having the overshield 0. 37 -in, 
above the ground plane. 

A solid overshield will reduce the coupled voltage better than a braided shield 
and, therefore, will be used in the final space vehicle design. The aluminum foil 
overwrap was tested on the typical circuits with the following results as shown in 
table 5. 


Table 5. Viking and P78-2 Design 


Viking Design 

Electric coupling 0.45 V peak 

Total coupling 0.35 V peak 

P78-2 Final Design 
Electric coupling 3.5 V peak 

Total coupling 4. 0 V peak 


3. vkHid.l: vkhikm.mion 


3.1 Viking Tesfng 

The Viking Lander was tested in an environment which simulated corona inter- 
ference. The vehicle operated properly without degradation during this test. A 
capacitor discharge test was performed to simulate arcing that could occur during 
parachute deployment by charging a 0,05 capacitor to 2000 V and dischai ging it 
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through the vehicle .structure to the parachute attach point and the foot pad.-i, 
rft.'specHvely. Thin to.^i ot flr^t enuaed the ground equipment to mnlfurctlon, After 
the ground equipment was reconfigured to be less iuipectlble, the vehicle pntisod 
the te^^t. 

•1.2 l^:u 2 IMaiinfil I v^iiiM 

The P7B-2 vehicle will be tested by arcing directly to the vehicle r.t .■jevOrnl 
selected points where arcing can possibly be expected. The arc source will be a 
10 kV, 2. r>-mj sijureo and the vehicle must «tperate without degradation of 
performance. 



A|»p6rtdix A 

Calculation o< Iht VoltsfiO 00 0 Skitld Due to on Arc Olaehertfe 

ta Iht Shield 


Connlder the following configuration. Figure Ai: 


•Shield 


Figure A1 


Grounded 
at Each End 


2 


o 


138 log^Q ^ ^ 138 4 


10 in. 

0, 096 in. 


361, 53 ohrr s 


(Al) 


Impedance at arc point is then 


- 180. 77 ohms . <A2) 

Voltage on shield = ar" current X 180. 77. If shield wire is in a bundle of shielded 
wires (see Figure A2 and equations A3-A4) 



Figure A 2 


Shields 
Grounded 
at Each End 




= 32.07 X 0.345 - 11.06 ohms 


(A4) 
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Appendix B 

M«lhdd (o» C«l£Olotlng ile«»magrt*tie Inwlorwto Cotfpl*^ iftto o Circuit 
Frtm an Adjdceht Circuit (Time Domain Method) 


1. fclLtXlJlIC FIELD LOI PLINt; 

The elSctfifc field interference is capfiicitively coupled from an interference 
source wire into the redeptor circuit, the model circuit (see Figure Bl) to be 
used for this coupling is as follows: 




Figure Bl 


where: 


E = interferende source voltage, in volts. 

C = rrtaxiinunfi coupling capacity betweeii source and receptor circuit, in 
^ farads. 

= maJcitftuni source resistance of signal in receptor circuit^ in ohms, 
RS 

C = maxlmutn capacity of algnal source circuit In the rCceptor circuit, In 
® farids. 

Cjj = maxtouni distributed capacity .in thfe recdptor Circuit, in farads. 

C ® msixlmuni cdp&city of load circuit In receptor circuit. In farads. 

Rot “ mascimuni load resistance In refceptbr circuit, in ohitis. . 

Vp = peak noise voUa^ IndUcdd in the rdcfeptoC circuit, Irt volts. 
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^RS ^ ^RL 


^RS ^RL 




Assuming that t^ Is the minimum rise time or fall time of the Interference 
source voltage E, in seconds, the solution to the model circuit equations Is as 
follows (see Equation B2): 


= -^R^C, 1-exp I - H- 


where rise-tine of E is very short. 

The area of the interference pulse In the receptor circuit is ER^jC^; 



.A&EA - ERfdj^ 


COUPLED PULSE 


Figure B2 


The coupling capacity and the distributed capacity for unshielded wires can be 
calculated with the following formulas (see Figure B3 )s 


Ig.Osi X 10 

TI r 2 s i_ 


-farads 
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c - capacity bettvcfen of a "go artd return” circuit, in farads. 

i maximum length of wire, in mdter^, 
s separation between wires (In same units as d and h). 

^ S^^'d^and S?"\?5n.;;UcK w^ ihe"'ame" bundirthcn*S 'd 

d . maximum dlumutur ot tho u lru conduCuf (In the x.me unit, ex s and h . 
h . minimum awrage height ab.,ve the gmund plane (In the aame umta aa d, 

i cj% 



Conductor 


•’2 


Insulation 

>>->Grouhd PlOnO 


(B7) 


The capacity from a wire to 


24. 12 i X 10 faradti 


Figure B3 

the ground plane is as follows (see Figure B4): 

(BS) 





Figure B4 


capacities fob shielded wires cafi be calculated as follows: 


24. 1 n 

A 


(Bl‘> 
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c 


picofarads 






C ^ capacity between Innef Conductor and Irtslde of .shield, in plct.farads. 

£ relative dielectric con.stant of the Infer \lflrC jacket (relative to air l.O). 
r 

( length of the Coax, in meters. 

D maximum Inside diameter of the shield (In the same units as d). 
d -- minimum outside diameter of the inner conductor (In the same units as D). 
Capacity between the inner conductor and the outside of the shield Is the 
capacity calculated above times the lack of. shielding, coverage (that is, C > 0.05 

for a shield coVferage of 05 p^rofent). 

The capSicity between two wires, with a shield between the wires, is the 
capacity between the wires without the shield times the lack of shielding coverage 
for the shield. If there are two shields between the wires, the capacity is reduced 
by the product of the lack of shield coverage (that is, 0. 05 X 0. 05 X C). 

Note that twisted shielded pair wire should be measured. The formulas do 
not provide accurate answers where insulation Is very thin. Viking wire meas- 
ured 415 pF for 5 ft (capacity between on6 wire and the shield with other wire 
terminated in 5k ohm to ground). 

2. MAUNKTU; Fi.:!,!) rcH FUNC 

The magnetic field interference is magnetically coupled from ah interference 
source circuit into a receptor circuit. The model to be used for this coupling is 
as follows (see Figure B5); 


Receptor Circuit 


Interference Sdurce Clrtult 
Figure ti5 




E voltage vofsus time is a.i follows (see Fi 


iglire no); 





Figure BG 


and Vp is as follows (se6 Figure B7); 


Area - 


‘"V 



Fieurfe B7 


Assuming lhat Is the minimum rise-time or ralltlm 


source voltage E. in seconds, the solution to the model circuit (. 
Shonn in E,e. (Bi 2)-(BI7). and with almplUlcatlon is as tollons; 


>r falltime of the interference 
model circuit (see Figure Bs) is 


; - ^ ^ , / ‘r ^.S \ 



Figure Magnetic F'leld Coupling Circuit 
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-?-TX 


Q 


-2(L^ -M‘) 


1 + 


(B1 


4 Rg R|^(Lis - 




- 1 




4 R3 Br(l2 - Mh 


-1 


whi^xi^ 


Q = LglRg + Rj^) ± *^r'^ ■ ^R 


®SS *^SL ^ 


**RS * **RL " **^R 


Vp = ^MAX ‘ = ‘r 


(b; 

(B 


(B 

(B 


£4 M R 

V - . , if rise-time of E Is very short. B 

^PMAX ■ Lg(Rj^ + Rg) 

Retai’datlon Is not Considered, 
where: 

fi = interference source voltage. In volts, 

n = minimum Inteffefence source circuit resistance, in ohms. 

ss 

R = minimum Interference source circuit load resistance. In ohms 
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SI 


RS 

RI. 


R 


R 


M 


'EMAX 


= maximum source resistance of signal in receptor circuit, in ohms 
* maximum load resistance In receptor circuit, in «>hms. 

" ^RS ^ *^RL* 

= maximum Inductance of the interference source circuit, in henries 
^ henries ^n*i^6tane6 of the Interference receptor circuit, in 


TourcToU^Sftt 


» ? . 
>■€ 


^ > * 


A. 


•t • 

4: 


• i 

^•1:: 

■’I' 


L in a go and return circuit (see Figure B9) can be computed as follo'A^s: 


L-- 0.921 X I 0 ‘®xf Xlog^,, 


i 5 


[ ' V- * {if _ 


henries 


HH 

I 




"t®; 

ik 


r 


h + h 

h - -A ■ ^ 


Figure B9 


where: 


(B 18 ) 


(B19) 


L = inductance of a go and return circuit above a ground plane, in henries, 
i = nrinximum length of c^ble^ In meters. 

^ " «h sTnfe In the cable bundle 

(in the same Units as d^ and h). s = dj If twisted. 

dg = minimum diameter of the wire conductor (in the same units as S and h). 
** ’ ^d 2 l!"” ®*'®'**“* P*®"® ‘he same units as S 



